The climate of built-up regions differs significantly from rural regions and the most important modifying effect of urbanization on local climate is the urban temperature excess, otherwise called the urban heat island (UHI).
INTRODUCTION
The temperature excess of cities that is caused by urbanization (the so-called urban heat island (UHI)) is a well-known and thoroughly researched phenomenon of urban climatology. In certain cities of the temperate climatic zone, structures and features of the UHI are well documented. (e.g. Landsberg, 1981; Kuttler, 1998) . In the case of Debrecen and Szeged, Hungary, preliminary observations have proved the existence of the UHI and also provided information on its spatial structure (e.g. Unger, 1999; Szegedi, 2000; Unger et al., 2001a,b; Kircsi and Szegedi, 2003; Szegedi and Kircsi, 2003) .
One of the most interesting aspects of the UHI is its peak development during the diurnal cycle and its connection with the different urban surfaces. This relationship means that the simulation of real factors and physical processes of development of maximum UHI is difficult, as the generally complicated urban surface geometry with often irregular (highly varied) built-up characteristics, the different building materials, the considerable artificial heat production and the air pollution significantly modify the radiation and energy balances.
Despite these difficulties, there are several models for studying small-scale climatic variations within the cities based on the energy balance (Tapper et al., 1981; Johnson et al., 1991; Myrup et al., 1993; Ruffieux, 1995) , radiation , heat storage , water balance and surface sensible heat flux (Voogt and Grimmond, 2000) approaches.
Statistical models may also provide useful quantitative information about spatial features of the maximum UHI intensity by employing different urban surface parameters (e.g. Outcalt, 1972; Oke, 1981 Oke, , 1988 Park, 1986; Kuttler et al., 1996; Matzarakis et al., 1998; Unger et al., 2000; Bottyán and Unger, 2003) .
In this paper, the spatial distribution of the seasonal mean maximum UHI intensity is presented for the city of Debrecen. Then, the connection between the built-up surface parameter and mean maximum UHI intensity is examined and determined. Finally, a linear statistical model is constructed to estimate the spatial distribution of the thermal excess for the study area, based on built-up (covered surface) ratio.
STUDY AREA AND METHODS

Study area
Debrecen (47.5°N, 21.5°E) lies at a height of 120 m above sea level on nearly flat terrain in the Great Hungarian Plain that is favourable for UHI development ( Figure 1 ). It is the second largest city in Hungary and has a population of 220 000. Debrecen is the cultural, academic and economic centre of the northeastern region of the country.
The city and its environment belong to Köppen's climate region Cfb on the basis of the 1961-90 climate normal (Table I) , but the climate in the Carpathian basin shows a significant year-by-year fluctuation. In particular, there are extreme fluctuations in the amount of precipitation, which often causes considerable problems for agriculture in the region. The annual amount of precipitation is about 550 mm. The annual variation of precipitation shows a maximum in May and June. Generally, the summer is sunny and warm, with an average temperature above 20°C. The winter is cold; it is around −2°C and it is often snowy. The annual temperature range is more than 20°C because of the continental influence on the climate of the eastern region of Hungary. The annual mean temperature is almost 10°C. The wind speed is usually around 3 m s
and the prevailing wind direction is northeasterly. The year can be divided into two from the point of view of city dwellers and their activities: the heating (from October until April) and the non-heating (from April until October) seasons.
The main part of the city was divided into grids of 500 × 500 m 2 ; thus, it contains 105 cells (26.25 km 2 ) altogether ( Figure 1 ). The grid network itself was established by sub-dividing the 1 km × 1 km square network of the Unified National Mapping System (in Hungarian: EOTR) developed for the topographical maps of Hungary (Unger et al., 2000 (Unger et al., , 2001a . Because of the gaps in the original dataset of the built-up parameter we omitted the four southeastern cells from the investigation, so the present study applies only to 101 grid cells (Figure 1 ).
UHI measurements
In order to acquire data on the spatial distribution of the near-surface air temperature, measurements were carried out on about 10-day intervals under various synoptic weather conditions (except precipitation, which eliminates the small-scale modifying effects of the surface; Szegedi and Kircsi, 2003) . The temperature data were collected by mobile observations during the period between March 2002 and March 2003. In the case of surface temperature and near-surface air temperature, as well as for other urban parameter measurements, traverses with different vehicles (car, tram, helicopter, airplane, satellite) are a common process (e.g. Oke and Fuggle, 1972; Johnson, 1985; Park, 1986; Moreno-Garcia, 1994; Eliasson, 1996; Yamashita, 1996; Voogt and Oke, 1997; Comrie, 2000; Grimmond et al., 2001) . The UHI intensity (namely T , the temperature difference between urban and rural areas) was measured in every cell, on fixed return routes. A total of 32 traverses were taken in the area investigated during the 1 year study period: 15 in the non-heating season and 17 in the heating season. This frequency of mobile observations provided sufficient information on different weather conditions, except precipitation (Table II ). As Table II shows the temperature varied between −14.3°C and +29.9°C during the measurements, and both low and high values occurred. The maximum wind speed was 6 m s −1 and values higher than 3 m s −1 were observed altogether five times (less than 16% of the 32 events) in the period investigated; thus, we can state that the weather situations were generally calm on these days. The cloudiness varied between 0 and 8 octas. The distribution of this parameter was mainly regular: 13 days had 0-2 octas, 5 days had 3-5 octas and 11 days had 6-8 octas cloudiness during the measurements. So our temperature (UHI intensity) values were measured under different weather conditions, except for precipitation and high wind speed, which are not favourable for the development of the UHI.
Because of the expected dense data information on the temperature, two measurement sectors were established in the study area. Thus, there are return routes of 62.5 km and 57.3 km in length, based on the street network of the city, in the northern and the southern sectors respectively. Because of the large number of cells, the time difference between the first and the last grid along the routes was about 90 min, which is a considerable time span for the temperature change in different parts of the city. For this reason, to obtain comparable temperature data during the measurements, we visited each grid first on the way to the end of the route and for the second time on the way back. Having averaged the measurement values by cells, time adjustments to a reference time (namely the likely time of the occurrence of the strongest UHI in the diurnal course) were applied, assuming a linear air temperature change with time. The linear adjustment appears to be correct for data gathered a few hours after sunset in urban areas. However, because of the different time variations of cooling rates, it is only approximately correct for suburban and rural areas (Oke and Maxwell, 1975) . The reference time was 4 h after sunset, since the heat island intensity reaches its maximum 3-5 h after sunset (Landsberg, 1981; Unger et al., 2001) . Consequently, in a given measuring night we can assign one temperature value to every cell in the northern sector or in the southern sector. These values refer to the centre of each cell.
Digital temperature sensors (LogIT HiTemp, resolution of 0.1°C) were mounted at 0.6 m in front of the cars at a height of 1.7 m above ground level. The thermometers had a thermal shield to eliminate the radiant heat from the cars' engines. The data were recorded on LogIT SL dataloggers, which were located inside the cars. The sampling interval was 10 s, so at a car speed of 20-30 km h −1 the average distance between the measuring points was 55-83 m. This car speed was sufficient to provide adequate ventilation for the sensor to measure the momentary ambient air temperature. The traffic density was low due to the measurements taking place late at night. The logged values at forced stops and for a few cases that were too close to the rear part of the vehicles in front were deleted from the data set.
The determination of the urban-rural air temperature differences T of cells was based on the reference to the temperature of the easternmost cell of the original study area, which was regarded as a rural one because of it being located outside of the city (Figure 1 ). The 105 (now 101) points that cover the urban parts provide an appropriate basis to interpolate isolines using the standard kriging procedure. The pattern of isotherms provides us with a detailed picture on the average thermal field within the city at the time of the strongest effects of urban factors in both study periods (Figure 2 ).
Built-up ratio
The built-up characteristics of the city play a significant role in the development of the UHI (e.g. Park, 1986; Eliasson, 1996; Goh and Chang, 1999; Montavez et al., 2000) . Generally, the distribution of the urban surface parameters changes slowly in time, so we can consider them as being quasi-invariable factors. For UHI investigations it is important to have information on the spatial distribution of the surface parameters, which essentially determine the spatial development of the temperature excess (Unger et al., 2000; Bottyán and Unger, 2003) . On the other hand, the spatial and temporal characteristics of the UHI field depend on both urban parameters and meteorological conditions. On the basis of their special built-up characteristics, the UHI pattern is always different for every city.
One of the most relevant factors of the urban surface is the amount of artificial surface cover (the builtup ratio). In our investigation, a crucial point was to determine this land-use parameter for all cells in Debrecen. The method was applied in some urban climate studies of Szeged using SPOT XS satellite images (Mucsi, 1996; Unger et al., 2000 Unger et al., , 2001a , but in the case of Debrecen, contrary to Szeged, LANDSAT TM (28 June 1992) imagery was used. The vector and raster-based geographical information system database was developed at the University of Szeged in the Applied Geoinformatics Laboratory. The digital satellite image was calibrated to the EOTR using 1 : 10 000 scale maps. The nearest-neighbour method of resampling was employed and the resolution of the image was 20 m × 20 m, so small urban units could be assessed independently of their larger scale official land-use classification.
The normalized difference vegetation index (NDVI) was calculated from the pixel values in the near-infrared (IR: 0.72-1.1 µm) and visible red (R: 0.58-0.68 µm) bands (Gallo and Owen, 1999) :
NDVI values vary between −1 and +1, indicating the effect of green space in the units of 20 m × 20 m. Built-up, water and vegetated surfaces were distinguished according to their NDVI values. In the area of Debrecen investigated, the occurrence of non-vegetated (bare) areas is negligible, i.e. each open space is covered by some vegetation (e.g. gardens and cultivated plants, trees, grass, bushes, weeds). The ratios (to total cell area) of these land-use types for each grid element were determined using cross-tabulation.
Construction of the statistical model
In one of our previous studies, a strong linear connection was demonstrated between the built-up ratio and Szeged's mean maximum UHI intensity, which has a size and population similar to that of Debrecen. In addition, there was also a relationship between the distance from the city centre and UHI intensity in Szeged (Unger et al., 2000) . In the case of Debrecen we also found two significant relationships between the urban surface parameters, similar to the above-mentioned ones, in both seasons (Figures 3 and 4) . However, the linear connections between distance and UHI intensity were stronger in Szeged because this city has an almost concentric shape and built-up characteristics (r = 0.748 and r = 0.814 in Szeged in the heating and non-heating seasons respectively as well as r = 0.630 and r = 0.437, in Debrecen in the same seasons). Apparently, these r values are low in Debrecen, but we have to consider the large number of grid cells (n = 101). If the element number were equal to 100 then the 99% significance level of r would be 0.25, so all of the above-mentioned correlation coefficients are significantly higher than this one. On the other hand, applying the distance parameter as a crucial predictor in our statistical model leads to problems in the case of less-concentric cities, because the model performance for such cities is likely to be poor. In addition, the straightforward use of distance from the centre as a linear predictor would also cause a negative UHI intensity at some outer parts of the city, which would generally be a nonsense value. All the same, the relationship between distance and UHI intensity is a real and important connection, so we built it into our model on the basis of the following method.
Regarding the above-mentioned facts, in the course of determination of the model equations, we used the seasonal mean maximum values of UHI intensity T and the previously mentioned land-use parameter, i.e. ratio of built-up surface B as a percentage by cells. Since B changes rapidly with increasing distance from the city centre, we applied the exponentially distance-weighted spatial means of this parameter for our model. The distance scale of the weight should be derived from the transport scale of heat in the urban canopy. Our statistical model has determined this scale from the measured parameter values.
In compliance with this, a set of predictors can be determined concerning the surface built-up ratio and its areal extensions in the following way:
• parameter value in the grid cell B with i 2 + j 2 = 0 • mean parameter value of all grid cells B 1 with 0 < i 2 + j 2 < 2 2
• mean parameter value of all grid cells B 2 with 2 2 ≤ i 2 + j 2 < 4 2
• mean parameter value of all grid cells B 3 with 4 2 ≤ i 2 + j 2 < 8 Here, i and j are cell indices in the two dimensions, and i and j are the differences of grid cell indices with respect to a given cell. These zones cover the entire model (investigated) area of Debrecen. Now we have four predictors to build a linear statistical model. This procedure creates the right conditions for applying our model to predict the UHI intensity in other cities with a different size and non-concentric shape. The model construction method chosen was stepwise multiple linear regression. The implementation of this procedure can be found in the SPSS 11 computer statistics software. A comprehensive discussion of the mathematical background of the method is given by Miller (2002) . Predictors were entered or removed from the model depending on the significance of the F values 0.05 and 0.1 respectively. Under these conditions, two linear statistical model equations were determined according to the separately investigated heating and non-heating seasons, because there is a very noticeable difference between the magnitudes of UHI intensity fields in these seasons.
RESULTS AND DISCUSSION
Built-up characteristics of the study area and the UHI
The spatial distribution of the built-up ratio in the study area has some important properties, as discussed below.
(1) Values of built-up ratio increase from the edges towards the central part of the urban areas. This means that the city has, to a certain degree, a concentric-like shape (Figure 2 ). Near the geometrical centre of the city the ratio of the artificial surface cover is the highest (the extreme value is 86%) and the average distance between buildings is the shortest. However, the highest buildings can mainly be found in the housing estates in the western and northwestern parts of the city and not in the centre. (2) The above-mentioned increase depends greatly on the direction, so there are local irregularities in the builtup ratio field in the city (Figure 2) . In order to demonstrate the change of the direction-dependent varieties of artificial surface cover and the mean maximum UHI intensity, we made two cross-sections within the study area. The S-N and W-E cross-sections have 11 neighbouring grid cells in two directions and there is a common grid cell, as can be seen in Figure 1 . In the cross-section figures we show the built-up ratio and the annual mean maximum UHI intensity by grid cells along the two directions ( Figure 5(a) and (b)). In the eastern districts, detached and semi-detached houses with gardens are dominant; the ratio of the artificial surface cover is between 25 and 50%. In the western parts, large housing estates with 10-14-storey buildings can be found. The ratio of the artificial surface cover is not very high (40-60%), but the most extensive vertical active surfaces can be found here ( Figure 5(b) ). Since the houses in the city are built in S-N rows, the distance between the buildings in that direction is very small (only a few metres), so they form quasi-homogeneous active surfaces oriented to the east and west. In the S-N direction the imbalance is more visible than in the W-E direction. In the southern part there is an industrial belt, where the ratio of Figure 5 . Relationship between built-up ration, distance from the city centre and annual mean maximum UHI intensities along cross-sections: (a) S-N cross-section; (b) W-E cross-section the artificial surface cover is relatively high (between 60 and 80%). On the other hand, in the northern part there is a forest, which is the first nature conservation area in Hungary. Its urban part, which belongs to the study area, is an extensive park forest (1.75 km 2 ) with recreation grounds, a stadium, an amusement park, a zoo, a hospital and the campus of the University of Debrecen (Figure 5(a) ).
As the built-up ratio decreases rapidly from the central areas toward the northern outer regions, the UHI intensity also shrinks in this direction (Figure 2) . We note that this spectacular decrease in UHI intensity in this direction is due to the wide area with a very low built-up ratio in the northern part of the city. On the other hand, the significant decrease in the built-up ratio from the city centre toward the western, outer part of the study area does not involve a similar strong decrease in the UHI intensity because these low-level built-up ratio values are not found within a wide area, but rather within a narrow local region (Figure 5(b) ).
(3) In a number of places there are no clear borders between the city and its rural environment: the density of the covered surface decreases very gradually because patches of detached houses with gardens alternate with extensive green areas (the airbase, sporting grounds and forest) along the borders of the city. For example, this influence is well observed at the northern border of our investigation area, where both the UHI intensity and the built-up ratio decrease and the UHI intensity value is nearing zero ( Figure 5(a) ). Measurements have proved the existence of the UHI in Debrecen. The annual mean maximum UHI intensity was 2.3°C, but the strongest development of this phenomenon was 5.8°C (16 June 2002) in the study period.
The mean maximum UHI intensity reached 2.5°C in the non-heating season, which is a higher value than that of the heating season of 2.1°C ( Figure 2 ). As can be seen, the spatial distribution of the mean maximum UHI intensity field has a concentric-like shape; however, the strongest intensity does not occur exactly in the centre of the investigation area, but it is not too far from this densely built-up area. In the non-heating half year the expansion of the 1°C and 1.5°C isolines to the southeastern and southern regions of the city is caused by the relatively high built-up ratio of more than 60% (Figure 2(b) ). However, UHI intensity increases gradually in the eastern parts of the city towards the centre because the built-up density grows gradually as well. The forested area in the north is the coolest part of the city. The highest horizontal gradients (0.5°C/300 m) were found there. This corresponds to the spatial pattern of the natural and artificial surfaces, i.e. the ratio of the artificial surface cover is under 30% in the urban part of the forest (Figure 2 ). This area is bordered by low-intensity residential areas, the hospital and the campus of the University of Debrecen. It is connected to the large forest outside the city in the north, and for this reason it is cooler than its urban environment by 0.5-0.8°C annually on average.
As we can see in Figure 2 , the heat island is stronger in the non-heating season than in the heating season, but the spatial distribution of the urban heat excess is similar. This seasonal difference in temperature values was also observable in Lodz, Poland, and Szeged, Hungary (Klysik and Fortuniak, 1999; Unger et al., 2000) .
Statistical model equations
Applying the model construction described in Section 2.4 two model equations, Equations (1) and (2), were determined to predict the mean maximum UHI intensity T in the non-heating and the heating seasons, using the built-up ratio B and its areal extensions (B 1 , B 2 and B 3 ) as predictors:
(1)
The order of the significance of our estimates is the same value (0.1%), but the number of the predictors is different. The model equations for the non-heating and the heating seasons have two and three predictors respectively (Table III) . B 1 and B 3 parameters are dominant in both model equations, and B 2 plays a less important role in the heating season. In the non-heating season the importance of the B 1 parameter can be well seen, because by applying the other significant predictor (B 3 ) the model performance increases by only 3.1% in the fourth column ( r 2 ) of Table III . Then again, the role of the B 3 predictor is less dominant (r 2 = 0.203) in the heating half year than the role of B 1 (r 2 = 0.315) in the non-heating season; therefore, it is necessary to use two other parameters in our estimate in the colder season. Nevertheless, the two predictors applied, B 1 ( r 2 = 0.052) and B 2 ( r 2 = 0.050), increase the model performance by more than 10% in this period. The multiple correlation coefficients r between T and the parameters studied are 0.552 and 0.588 in the heating and non-heating half years respectively. These correlation values mean that the urban parameter applied (i.e. built-up ratio) and its areal extensions are able to explain 34.6% and 30.5% of the foregoing connections in both seasons.
Referring to the study periods, Table IV contains the basic statistics of the model parameters. As the second column of Table IV shows, all of the above-mentioned parameters have good significance values, which are less than 0.05 in all cases. Table IV also presents the standard errors and the 95% confidence intervals of the model predictors.
The spatial distributions of the predicted T patterns in the examined field of the city were determined by two model equations (Equations (1) and (2)). On comparing the predicted and the measured UHI intensity fields (Figures 2 and 6 ) there is a significant similarity between the spatial structures, but some differences can also be detected. To visualize the results better, we combined the measured and predicted UHI intensity fields (indicated with isolines) and the spatial distribution of built-up ratio (indicated with grey colour scale) in Figures 2 and 6. In both seasons the minimum measured T value is in the northern part of the city, which also has the lowest built-up ratio. The minimum predicted UHI intensities can also be found in the same region. It needs to be noted that the predicted low T values are higher than the measured ones in both half years, whereas high temperature values show an opposite trend. Thus, the predicted UHI intensity range is narrower than the measured one.
There is another difference between the structure of the measured and predicted temperature fields: the maximum values of the measured UHI intensities in both seasons are not exactly in the same area as the predicted maximum T values. However, these maximum values occur in the neighbouring cells.
These above-mentioned differences are mainly caused by the geometry of the land-use features of the study area. The built-up ratio parameter applied does not contain enough information about the three-dimensional Table IV . The values of the significance, coefficients, standard errors and 95% confidence intervals of the urban surface parameters applied in our models in the two periods studied in Debrecen (n = 101) geometry of the city surface, which plays a key role in the radiation budget in the cities and so is partly responsible for the development and structure of the UHI (Eliasson, 1996; Sakakibara, 1996; Goh and Chang, 1999; Bottyán and Unger, 2003) .
CONCLUSIONS
The mean maximum UHI intensity field has been investigated in the medium-sized Hungarian city of Debrecen. The area examined is situated on a plain, so there is an opportunity to derive some general statements on the modifying effects of urbanization on climate. Our conclusions are as follows:
• The UHI phenomenon could be well observed in the study area, but its intensity changed during the period of investigation as a consequence of the prevailing weather conditions varying considerably by season in this climatic region.
• The spatial patterns of the measured mean maximum UHI intensity have a concentric-like shape and the values of the isotherms increase from the rural areas towards the central urban parts in the two study periods. The anomalies are caused by alterations in the urban surface factors.
• There are significant differences in the magnitudes of the seasonal patterns. The area of the mean maximum UHI intensity of higher than 2°C (indicating significant thermal modification caused by urbanization) is 76 times larger in the non-heating season than in the heating season (0.5% and 38% respectively). On the other hand, the strongest developments of UHI occurring in the warmer and colder periods were 5.8°C and 4.9°C respectively.
• On the basis of our statistical analysis, we have proved a strong linear relationship between the mean UHI intensity and the urban parameters studied, such as built-up ratio and its areal extensions, in both seasons. Generally, our model equations have described the spatial distribution of the real UHI intensity field in the study area generally correctly, although there are some (but not significant) differences between the predicted and measured UHI fields. These differences may be caused by some possible errors in the temperature samplings and the considerable irregularities of the three-dimensional surface geometry.
• Consequently, our results prove that the statistical approach on estimation of the UHI intensity field is promising. We are planning to extend this project by modelling urban thermal patterns as they are affected by other urban surface parameters (for instance sky-view factor, height/width aspect ratio, building volume and compactness) that describe the real city geometry better, with special regard to vertical structure, heat storage and heat transfer.
